Introduction
============

Encapsulation of therapeutic agents within biocompatible polymeric matrixes is often a necessity for parenteral administration. This type of delivery is of particular interest for drugs that are rapidly metabolized or hydrolyzed, have a poor oral availability, or have a narrow therapeutic index [@B1]-[@B3]. Depending on the application, dissolution of the drug from polymer delivery systems can occur over periods of days to years leading to improved patient compliance as well as elevated local concentrations of drug with reduced systemic involvement [@B1]-[@B5]. Numerous drug encapsulation strategies have been implemented ranging from particulate systems to solid implants. Among these, injectable, *in situ* forming implants (ISFI) are especially compelling for local delivery applications because they do not require invasive placement, and their composition is easily modified and safe for heat sensitive drugs and biologics.

One example of this system is an injectable phase sensitive formulation, developed by Dunn *et al,* which has been used to effectively treat prostate cancer and periodontal disease clinically [@B6]-[@B11]. This system consists of a biodegradable hydrophobic polymer (typically PLGA), dissolved in a biocompatible organic solvent which can be mixed with an active drug. Once the polymer solution contacts the aqueous environment, counter exchange of solvent and water begins, resulting in the precipitation of the polymer from the unstable tertiary system leading to the formation of a solid drug eluting depot through a process known as phase inversion [@B6], [@B8], [@B12]-[@B16]. Since the implants are initially a liquid solution, drug loading is performed simply through the addition of a powder form of the drug into the polymer/solvent mixture [@B5], [@B10], [@B11], [@B13], [@B17]-[@B21]. Additionally, the solution can be injected through a minimally invasive procedure using image guidance [@B1], [@B5], [@B22]. Due to the inherent versatility and ease of manufacturing of these implants, a number of different applications have been investigated ranging from the intratumoral delivery of drug in order to treat solid tumors to a tissue engineering scaffold designed to release DNA [@B9], [@B23]-[@B27]. Furthermore, treatment can be halted by surgically removing the implant if the need arises [@B10], [@B11].

Many parameters have been shown to affect the drug release profile of injectable implants including solvent polarity, polymer concentration, and polymer type [@B4], [@B11]-[@B13], [@B19], [@B28]-[@B42]. Through the use of poorly miscible solvents which lead to a slowly formed, dense polymer matrix, implants with a near zero order release have been developed [@B13], [@B34], [@B43], [@B44]. Despite the optimal release profile, their use has been somewhat limited clinically due to their high viscosity which limits the injectability of the polymer solution [@B35], [@B41], [@B44]. Conversely, fast phase inverting systems have optimal viscosity, but have been shown to release a large burst of drug due to formation of a heterogeneous polymer matrix with a highly interconnected porous network [@B13], [@B19]-[@B21], [@B26], [@B45]. In order to limit the burst release, excipients have been used [@B21], [@B31], [@B35]. These additives reduce burst by decreasing the diffusivity coefficient of drug through the porous network within the depot [@B13], [@B21], [@B35]. While they have shown to be effective *in vitro*, there efficacy is somewhat limited *in vivo* [@B26].

Varying the polymer molecular weight (Mw) is an alternative method by which drug release and phase inversion can be modified for implants formed both *in vitro*and *in vivo* [@B11], [@B13], [@B21], [@B26], [@B46]. Previous research has demonstrated that the average Mw of PLGA influences both the release profile and implant morphology [@B21], [@B26], [@B30], [@B39], [@B40], [@B47], with lower Mw implants having greater overall release and phase inversion than the higher Mw counterparts [@B30], [@B39], [@B40], [@B47], [@B48]. These differences have been attributed to the higher hydrophilicity and degradation rate of the lower Mw polymers [@B13], [@B19], [@B30], [@B39], [@B40], [@B47]. For many therapeutic applications, the ideal release profile for such an agent would have an intermediate release than what is obtained from the pure polymer types. The aim of this study was to demonstrate that using PLGA Mw blends could be a simple way to optimize the release of a small-molecule, hydrophilic drug without the use of additional excipients. Blends of different Mw PLGA polymers were investigated both *in vivo*and*in vitro.*Effect of the blends on the rate of implant formation, evolution of implant morphology, polymer degradation and erosion were investigated using a noninvasive imaging technique developed previously by our group [@B22], [@B26]. Briefly, diagnostic ultrasound was used to visualize and quantify phase inversion in real-time. As the liquid implant formulation begins to solidify upon contact with water, the acoustic impedance of the polymer solution changes, and a higher proportion of incoming ultrasound waves are backscattered. These changes in acoustic impedance can be used to visualize the rate of phase inversion, providing insight into changes in implant morphology both *in vitro*and *in vivo*. This is of interest since phase inversion of ISFIs has been thought to govern much of the early drug release properties [@B13], [@B19], [@B45], [@B49], yet the undisrupted behavior of ISFI has been difficult to quantify. In this study we show a direct relationship between specific morphological parameters and alterations in degradation, erosion and subsequent drug release profiles resulting from PLGA Mw variations.

Materials and Methods
=====================

Materials
---------

All materials were used in the state obtained from the respective companies. Poly (DL-lactide-co-glycolide) (PLGA 50:50 2A, MW 15kDa, inherent viscosity 0.16dl/g; 3A, MW 29kDa, inherent viscosity 0.28 dl/g; 4A, MW 53kDa, inherent viscosity 0.46 dl/g) was obtained from Lakeshore Biomaterials, Birmingham, AL. N-methyl pyrrolidinone (NMP) and sodium fluorescein (MW 376.28) were obtained from Sigma Aldrich, St. Louis, MO. Agarose was acquired from Fischer Scientific, Waltham, MA.

Preparation of Polymer Solutions
--------------------------------

Fluorescein was used as a mock low Mw mock hydrophilic drug. Polymer solution was prepared using a mass ratio of 39:60:1 PLGA to NMP to fluorescein. First, fluorescein was dissolved in NMP for 1 hr on an incubated orbital shaker (37ºC, 90 RPM). Next, PLGA was added to the NMP:fluorescein solution and allowed to dissolve overnight in the orbital shaker protected from light. Blend formulations of 1:1 molar ratios of the three different Mw polymers were produced for investigation (15kDa:29kDa, 15kDa:53kDa, 29kDa:53kDa). Additionally, formulations consisting of pure non-blended polymer were produced (15kDa, 29kDa, and 53kDa).

Ultrasound Characterization
---------------------------

Implants were imaged using ultrasound as previously described [@B22], [@B50]. Briefly, an agarose phantom containing a 1 ml void was filled with phosphate buffered saline (PBS, pH 7.4). Then polymer solution (44.3±3.6 mg) was injected into the PBS. Images were taken immediately after injection into PBS, and then after 0.5, 1, 2, 4, 6, and 8 h during the first day (d), then daily for 10 d. Images were obtained using a 12 MHz transducer (Aplio XG, Toshiba Medical Systems). Implants were kept at 37°C on an incubated orbital shaker in 10 ml of warm PBS for the duration of the study. Image analysis was performed using a custom MatLab code (MathWorks Inc., Natick, MA) which selected the implant shell, applied a threshold (determined through a parametric segmentation of mixed Gaussians) to the entire image to create a binary image, and summed the pixel values to determine the area of the formed polymer shell and the total cross-sectional area of the implant [@B22], [@B26], [@B50]. The rate of phase inversion was quantified using the ratio of the polymer shell area relative to the total cross-sectional area, and the change in cross-sectional area over time was used to monitor implant swelling [@B22], [@B26], [@B50]. Linear regions in the swelling profile were determined by evaluating derivatives of the swelling plots. A 3-D ultrasound tomography analysis was performed by embedding implants in a 1% agarose phantom. The phantom was then placed on a MSL series linear stage (Newmark systems, MSL-25-11), with the US transducer fixed above the actuated stage. Images were taken every 200 µm through the volume of the implant. The 2-D ultrasound data was then reconstructed into a 3-D volume using AMIRA (Visage Imaging GmbH) (Supplemental data).

Drug Release
------------

50 µl of implant solution (44.3±3.6 mg) was injected into a 10 ml 37ºC PBS bath (pH 7.4). Implant mass was recorded immediately, and then 1 ml of the sample solution was removed and then replaced by 1 ml of warm fresh PBS in order to maintain sink conditions. Samples were taken on the first day at 0, 0.5, 1, 2, 4, 6, and 8 h, then once daily for 14 d, and on days 16, 18, and 21. After 21 d, the implants were removed and added to 5mL of 2M NaOH overnight in order to determine the mass of any residual drug. Fluorescence was measured using a Tecan Ltd, Infinite 200 Series plate reader, with excitation wavelength 485nm and emission wavelength 525nm. The concentration of fluorescein was measured by comparison to known established standard concentrations, and the cumulative drug release was then calculated from the obtained fluorescence data. The diffusion and degradation phases of release were determined by evaluating derivatives of the release plots. As previously described, an empirical relationship was developed to describe how drug release and phase inversion were correlated using a non-linear mathematical fit to F(x)=*S~0~*(1-e^(-τx)^)+mx [@B50]. F(x) is the percent phase inversion, x represents the percent drug release (%), S~0~ represents the initial polymer precipitation (%), τ is the time delay (1 /%release) and m is the proportionality constant that relates phase inversion to drug release (% / %release).

Erosion and Degradation
-----------------------

Implant erosion was determined by monitoring the change of implant mass with respect to time. After implant formation, the initial mass was recorded. 1 ml of bath-solution was discarded daily and replaced with 1 mL of fresh PBS solution to maintain sink conditions. At each respective time point (every other day for 21 d) the implant was removed from solution, frozen, then lyophilized for 5 d, and the final implant mass was recorded. The degradation was monitored by evaluating changes in the weight average Mw over time as previously described [@B50]. The implants were prepared for GPC analysis by first dissolving the lyophilized implants in tetrahydrofuran (THF) and then filtered using a 0.45µm syringe filter. Mw was determined relative to narrow polystyrene standards using an Agilent 1200 series liquid chromatography system, a refractive index and variable wavelength detector, and two American Polymer Standards linear bed GPC columns (Mentor, OH) at a flow rate of 1 ml/min.

In Vivo Analysis
----------------

All animal studies were performed as previously described following protocols approved by the Case Western Reserve University Institutional Animal Care and Use Committee [@B22], [@B26]. Briefly, five 24-week old male Sprague-Dawley rats with an average body weight of 565±58 g (Charles River Laboratories Inc., Wilmington, MA) were anesthetized using 1% isoflurane with an oxygen flow rate of 1 l/min (EZ150 Isoflurane Vaporizer, EZ Anesthesias^TM^). Implant solution (50 to 70 µl) was injected under the dorsal skinflap in five locations using an 18-gauge hypodermic needle. The depots were then imaged using ultrasound with a 12 MHz transducer 1 h, 4 h, 8 h, 24 h, and 48 h after implantation. Cumulative release was determined by subtracting the residual drug in the implant from theoretical drug loading. Residual drug content was determined by first dissecting out the implants after euthanasia, then degrading the implants in 5 ml of 2 M NaOH overnight. The mass of fluorescein was determined by comparison to a standard curve using a Tecan 200 series plate reader at an excitation wavelength of 485 nm and an emission wavelength of 525 nm [@B22], [@B26].

Statistical Analysis
--------------------

Statistical significance was determined using ANOVA (p\<0.05, N=4 for *in vitro* studies and N=5 for *in vivo*studies). Significant difference among groups was established using a Tukey multiple comparison test, with analysis performed using Minitab. Unless otherwise noted, data is reported as mean ± standard deviation.

Results
=======

Ultrasound Imaging
------------------

Immediately after injection of the implant solution into PBS, a thin polymer shell could be visualized in all implants as a result of mass transfer events increasing the acoustic impedance mismatch of the polymer and the surrounding PBS (Figure [1](#F1){ref-type="fig"}). After the initial shell formation, the implants continued to transition into solid depots, which resulted in an increase in ultrasound backscatter within the interior of the implants (Figure [1](#F1){ref-type="fig"}). After phase inversion had completed, a pore formed in the center of the implants that continued to expand over the duration of the experiment. The time required for a pore to develop was inversely related to the polymer Mw (Figure [1](#F1){ref-type="fig"}).

Phase Inversion
---------------

In all cases, the implants rapidly precipitated reaching a period of limited change within the first 8 h of exposure to the bath solution. Formulations using either 15 kDa or 29 kDa PLGA achieved a pseudo-steady state after 4 h in the bath-side solution (precipitating at 77.8±1.9% and 56.0±1.5% of the total cross-sectional area respectively), with implants formulated using 15 kDa PLGA precipitating significantly more than all other formulations. Implants using the 53 kDa PLGA, 15 kDa:29 kDa, or 15 kDa:53 kDa polymers all reached a plateau after 6 h in PBS with the precipitated polymer occupying 53.7±3.3%, 50.2±3.4%, and 62.2±3.1% of the cross-sectional area respectively. Finally, depots consisting of 29 kDa:53 kDa PLGA reached a plateau of 63.7±5.3% after 8 h in the bath-side solution (Figure [2](#F2){ref-type="fig"}).

After the initial rapid period of phase inversion, final polymer precipitation varied with the polymer used, with maximum polymer precipitation taking as little as 3 d or as long as 9 d. Implants containing 15 kDa PLGA underwent faster phase inversion than implants without the low Mw polymer. Implants formulated using only 15 kDa PLGA completed phase inversion the fastest, reaching a maximum precipitated area of 84.5±4.0% within 3 days.

The mixture of 15 kDa PLGA with 29 kDa PLGA increased the amount of time for phase inversion, reaching a maximum of 89.3±1.7% after 6 d. Both implants formulated using the 15 kDa:53 kDa blend and with 29 kDa PLGA alone completed phase inversion after 7 days, reaching a maximum of 83.4±9.5% and 90.1±2.0% respectively (Figure [2](#F2){ref-type="fig"}).

The blend of 29kDa:53kDa PLGA required 8 d to completely phase invert, with the precipitated polymer occupying 92.2±0.6% of the cross-sectional. Finally, the implants formulated using only 53 kDa PLGA completely phase inverted after 9 d in PBS, reaching the maximum precipitation (89.3±6.3%) (Figure [2](#F2){ref-type="fig"}).

Swelling
--------

The 15 kDa implants initially increased in size, expanding to 1.26±0.16 times the original cross-sectional area within 30 m in solution, with negligible changes occurring within the first 24 h after the initial expansion. Between 24 and 48 h in buffer, implants significantly increased in size, increasing to 1.74±0.15 times the initial cross-sectional area, expanding by 47.3% within that 24 h period. Between 48 and 120 h, implants continued to swell an average rate of 18.6% per day. After 120 h in buffer, the implants showed no significant changes in cross-sectional area, remaining at 2.36±0.04 times the initial area, for the duration of the study (Figure [3](#F3){ref-type="fig"}).

Implants formulated using the 29 kDa PLGA achieved a pseudo-steady state 2 h after injection into the bath-side solution, increasing 1.19±0.01 times larger than the original cross-sectional area. After 24 h in solution, the implants increased an average of 10.2% per day (from 1.20 to 1.81 times the original area). After 192 h the implants showed a rapid decrease in cross-sectional area, shrinking 58.7% over the final 48 h of the study (Figure [3](#F3){ref-type="fig"}). A 3-D reconstruction of an implant formulated using the 29 kDa polymer demonstrates the expansion (1 d, 3 d, and 10 d) and collapse (12 d) of the drug eluting depot over the course of 12 d (Figure [4](#F4){ref-type="fig"}). Implants formulated using the 15kDa:29kDa blend achieved an initial plateau after 4 h in buffer. After 24 h, the cross-sectional area of depots formulated using the 15kDa:29kDa polymer blend increased at a rate of 14.8% per day, but began to decrease in size after 192 h in the bath-side solution (Figure [3](#F3){ref-type="fig"}).

All implant formulations using the 53 kDa polymer, initially decreased in size. Depots formulated using only the 53 kDa PLGA began to approach the original area after 24 h in solution (0.98±0.04 times the initial area), while the 15 kDa:53 kDa implants required 48 h and the 29 kDa:53 kDa PLGA depots approached the original cross-sectional area after 2 h in solution. Implants formulated using the 53 kDa polymer expanded an average of 9.4% per day after 24 h in solution, and began to decrease in size after 192 h (Figure [3](#F3){ref-type="fig"}). Between 48 h and 168 h, depots formulated using the blend of 15 kDa:29 kDa PLGA began to increase at a rate of 5.5% per day. While the implants formulated using the 29 kDa:53 kDa PLGA blend increased at a rate of 7.4% per day after 8 h in solution for the duration of the study. Results are summarized in Table [1](#T1){ref-type="table"}.

Drug Release
------------

Phase sensitive ISFIs have release profiles that typically consist of three phases: burst, diffusion, and degradation. During the initial burst period of release, which occurs over the course of the first 24 h, implants containing the 53 kDa polymer had the statistically highest burst release of mock drug relative to the implants formulated with only one polymer type (Figure [5](#F5){ref-type="fig"}). The 29kDa:53kDa blend had the highest overall burst, followed by implants with only the 53 kDa PLGA, and then the 15kDa:53kDa (burst release of 31.0±3.0%, 30.6±2.3%, and 29.6±2.1% respectively). Implants formulated with using only the 29 kDa polymer averaged a lower burst release than the other implant formulations, followed by the 15 kDa and the 15kDa:29kDa formulations (22.7±2.9%, 24.8±1.7%, and 27.1±3.2% respectively).

The duration of diffusion and degradation phases was dependent on the Mw of the polymer. The transition between phases was determined by evaluating the derivative of release. The numerical derivative doubled for all formulations except for implants formulated using only the 15 kDa PLGA. Implants fabricated using the 29 kDa polymer alone, began to show elevated release after 7 d in the bath-side solution; this transition occurred after 9 d for implants formulated using the 53 kDa polymer. Blend formulations that contained the 15 kDa polymer transitioned into the degradation phase after 6 d in PBS, but the 29kDa:53kDa blend took 8 d (Figure [5](#F5){ref-type="fig"}). While implants formulated using the 15 kDa polymer did not have distinct degradation and diffusion phases, the rate of drug dissolution per day was statistically greater for the 15 kDa polymer than any of the other implant formulations over the entire time course of the study (5.2±0.4 %/d). Among the implant formulations with distinguishable phases of release, those formulated with the 29 kDa polymer, the 15kDa:29kDa blend, and the 29kDa:53kDa blend had a statistically greater rate of dissolution than implants using the 53 kDa polymer and the 15kDa:53kDa blend (Table [2](#T2){ref-type="table"}). During degradation facilitated release, all implant formulations with distinguishable release phases had statistically equivalent release kinetics (Table [2](#T2){ref-type="table"}). The release characteristics are summarized in Table [2](#T2){ref-type="table"}.

Correlation of Drug Release with Phase Inversion
------------------------------------------------

The percent of drug released was correlated with phase inversion during the burst phase of release (Figure [6](#F6){ref-type="fig"}). The S~0~parameter was used to describe the initial echogenicity of the implants, with the 15 kDa polymer implants having the highest value, followed in order of decreasing echogenicity by the 29 kDa polymer, the 29kDa:53kDa polymer, the 15kDa:53kDa polymer, the 53kDa polymer, and the 15kDa:29kDa blend (Table [3](#T3){ref-type="table"}). The transition to the linear region, τ, was fastest with implants formulated using the 53 kDa polymer and the associated blends (table [3](#T3){ref-type="table"}). The 15kDa:29kDa implants transitioned more rapidly than implants formulated using either the pure 15 kDa polymer or 29 kDa PLGA (Table [3](#T3){ref-type="table"}). All implant formulations except for those formulated using only the 15 kDa polymer had a sensitivity greater than 1 within the linear range.

Erosion and Degradation
-----------------------

A rapid initial decrease in mass occurred for all implant formulations, with an average mass loss of 53±1.3% within 24 h after injection into the bath-side solution. Implants formulated with 15 kDa PLGA had the highest rate of erosion, reaching a residual mass of 38.0±2.1% within 5 d in buffer (Figure [7](#F7){ref-type="fig"}). Erosion was a slower process for all other polymer formulations, requiring 7 d to achieve a residual mass lower than 40% for the 15kDa:29kDa polymer implants (35.3±1.0%), 8 d for the 29 kDa implants (37.6±2.8%), 10 d for both the 15kDa:53kDa blend and the 29kDa:53kDa blend (37.7±2.2% and 37.2±1.2%), and 12 d for the 53 kDa implants (35.0±0.5%). Polymer degradation was faster in larger Mw polymers and decreased with the initial Mw (Figure [8](#F8){ref-type="fig"}).

In Vivo Formation and Drug Release
----------------------------------

Polymer precipitation occurred rapidly, reaching a plateau within the first 4 h of implantation, with negligible changes occurring for the remainder of the study (Figure [9](#F9){ref-type="fig"}). The average gray-scale value was significantly lower *in vitro* than *in vivo* over all time points, and followed a similar trend as phase inversion (Figure [10](#F10){ref-type="fig"}). The release of fluorescein was significantly higher *in vivo* than *in vitro* releasing 25.3±2.6% of the mock drug released within the first hour after implantation, increasing to 42.0±4.5% after 4 h, with significantly less release occurring during the following 4 h. A secondary burst of drug was released between 8 h and 24 h after implantation, with negligible changes occurring for the duration of the study. Correlation of the burst release and phase inversion resulted in an initially linear relationship, with a sensitivity greater than 1 (Table [3](#T3){ref-type="table"}).

Discussion
==========

ISFI systems provide a minimally invasive platform for the sustained local delivery of drugs, while concurrently improving patient compliance and minimizing fabrication costs. Due to the inherent flexibility of this implant system, any number of therapeutic agents can be administered and loading can easily be customized. In order to better tailor the implant system for the desired application, it is important to understand the role of implant composition, particularly the Mw of the polymer used in the ISFI. The purpose of this study was to evaluate the effect of blending various Mw polymers to develop implants with customizable intermediate properties.

Since ISFIs can be characterized noninvasively with ultrasound, the transition of ISFIs from a liquid solution to a solid drug eluting depot could be observed longitudinally in a single implant. All implants initially formed a polymer shell immediately after contact with an aqueous environment, followed by a more gradual transition within the interior of the depot. In all cases, the implants formed a pore within the center of the depot that increased in diameter over time (Figure [1](#F1){ref-type="fig"}). The formation of macrovoids has been reported in asymmetric membranes manufactured using phase inversion with solvents that are highly miscible with the nonsolvent [@B14], [@B16], [@B51]-[@B53]. In the case of asymmetric membrane formation, the phase inversion occurs in two steps [@B16]. First, a dense polymer shell forms that creates a barrier for diffusion, then the rate of phase invasion slows down leading to the development of counter diffusion gradients between the solvent and nonsolvent [@B16]. This process leads to the development of macropores within these membranes as the less stable solvent-rich interior separates into polymer lean domains and more stable polymer rich regions [@B16]. In the case of ISFIs using NMP (a highly water miscible solvent), we can see the rapid formation of the shell, followed by the slower development of echogenic signal within the interior of the implant. Therefore, the central pore observed may be the formation of a macrovoid within the center of the implant at the location where the solvent concentration is the highest.

A consequence of the polymer shell and the implant size is the potential for development of a pH gradient in addition to the solvent gradient. It has been reported that when implants are large and fabricated using bulk eroding polymers, the interior of the implants degrades more rapidly than the portion exposed to the bath-side solution [@B54]-[@B56]. Since the polymer shell is in constant contact with the bath-side, the newly formed acidic oligomers from the degrading polymer shell are rapidly lost to the surrounding solution [@B54], [@B56]. Conversely, the acidic products formed within the interior, are not readily released to the exterior solution due to the low diffusivity of the polymer shell. This difference in oligomer retention results in the development of a pH gradient that leads to the autocatalysis of the polymer within the implant interior and an increase in implant osmolarity [@B54]-[@B57]. The presence of these degradation products would ultimately lead to the complete solidification of the phase inverting implant by increasing the diffusion of water into the interior, which would stabilize the inner most domains. While the initial pore formation may be a result of a solvent gradient, the dynamic nature of the central pore is most likely a function of the polymer autocatalysis. This process was observed on the 2- and 3-D ultrasound images of the implant. Here, initially the interior of the implant was hyperechoic which we hypothesize to be the polymer lean droplets consisting of primarily solvent and nonsolvent (Figure [4](#F4){ref-type="fig"}, 1 d). With time, these nucleation sites (of polymer lean regions) aggregate (Figure [4](#F4){ref-type="fig"}, 3 d) and form a more homogenous gel like interior, with nonsolvent concentrations below the critical water concentration. After the implant completely phase inverts the central pore consisting of degraded oligomers and nonsolvent could be observed as a central hypoechoic domain, leading to an elevated implant volume (Figure [4](#F4){ref-type="fig"}, 10 d). The implant then collapses from a spherical implant structure into a flat disk structure, which may be a result of continued degradation leading to the loss of mechanical properties in the outer polymer shell (Figure [4](#F4){ref-type="fig"}, 12 d).

As with the formation of the central pore, phase inversion was also a function of the polymer Mw. The effect of polymer Mw on phase inversion has been hypothesized to be a result of implant osmolarity, polymer hydrophobicity, affinity for solvent, and a decreased diffusivity of the outer shell [@B13], [@B22], [@B58]. Therefore, implants formulated using lower Mw PLGA phase invert more rapidly than implants formulated with higher Mw polymers. As a consequence of the relationship of Mw to phase inversion, implants formulated using blends had phase inversion profiles that were intermediate to the pure polymer types (Figure [2](#F2){ref-type="fig"}). Additionally, polymer swelling was inversely related to the polymer Mw, with the blends having intermediate swelling profiles relative to the pure polymer types. The only exception being the 15kDa:53kDa blend, which had a swelling profile comparable to the 53 kDa PLGA implants (Figure [3](#F3){ref-type="fig"}). This difference in swelling behavior could be a result of residual solvent concentration within the polymer changing the initial implant osmolarity, a result of shell diffusivity, or a consequence of polymer hydrophobicity.

When the implant erosion was evaluated, there was an initial rapid release of solvent leading to an elevated mass loss during the first 24h for all polymer formulations. The erosion profile is in stark contrast to what is observed from preformed polymer implants where only negligible changes in the implant mass occur initially followed by a period of rapid erosion. After initial solvent loss, a similar process is observed with ISFIs, in that the onset of erosion (residual mass less than 39% of the initial mass) is delayed. The lag time for erosion increased with Mw, with the blends having intermediate erosion profiles relative to implants formulated using the pure polymer (Figure [7](#F7){ref-type="fig"}). With preformed systems fabricated using bulk eroding polymers, the onset of erosion has been explained as an effect of the percolation threshold. In percolation theory, the polymer is treated as a lattice of interconnected points [@B54], [@B59]. Over time, as the oligomers are lost to the bath-side solution, the interconnectivity of the lattice is lost. This results in a critically low number of nodes within the lattice, and elevated pore interconnectivity [@B54], [@B59]. Erosion begins when the interconnected network of pores leads to the surface of the implant, which results in the rapid release of the internal degradation products to the solution. We hypothesize that this process is also occurring with the ISFIs [@B54]. Interestingly, the onset of erosion corresponds to both the final solidification of the depots, and the sharp increases in the rate of drug release, which we speculate to be a result of the percolation phenomenon. Polymer degradation occurred more rapidly than anticipated, which we speculate may be a result of the implant size, an effect of the residual solvent, or even the elevated surface area due to the highly interconnected porous interior. The rate kinetics increased with Mw, which is in agreement with the findings of Wu et al., who hypothesized that the elevated degradation kinetics were a result of an increased number of reaction sites on the larger polymers [@B60].

The effects of polymer Mw on release were more complex than anticipated. Burst release from implants appeared to be controlled by the polymer with the higher burst. While, diffusion release was anticipated to be an average of the polymers used, the release profile instead appeared to closely follow the behavior of the polymer with the higher Mw. Finally degradation facilitated release appeared to be controlled by the lower Mw polymer. It was also observed that as the polymer ratio approached 10:1, intermediate behavior was lost (data not shown). After the degradation phase of release, a lockdown occurred in all implants, which we hypothesize may be a result of latent crystallization of the implants as a result of polymer degradation, resulting in a decrease in diffusivity and an increase in affinity for the drug and polymer [@B61].

Due to the high initial rate of phase inversion relative to drug release, a nonlinear relationship was developed to correlate drug release and phase inversion [@B50]. A rapid transition to linear behavior occurred for all polymer formulations except for implants containing the 15 kDa PLGA (Figure [10](#F10){ref-type="fig"}). When implants were formed *in vivo*, the nonlinearity was lost, and both phase inversion and release occurred rapidly. These changes may occur as a consequence of reactive forces generated by the injection of the implant into the tissue space displacing the tissue. This displacement results in the formation of reactive forces that then act on the implant leading to elevated loss of solvent and drug [@B26]. The elevated rate of release has previously been observed [@B26], but the use of the 15kDa:53kDa polymer blend resulted in a statistically lower overall release when compared with previous studies using 29kDa PLGA implants. These findings may be a consequence of the lower initial swelling observed with the polymer blend.

Characterization of ISFI has traditionally been performed using dark ground imaging systems capable of tracking both the diffusion fronts of water into the implant as well as the polymer precipitation [@B12]-[@B14], [@B46]. While this technique provides a wealth of information, it cannot be used *in vivo*. Techniques such as electron paramagnetic spectroscopy have been used to track changes in the microenvironment viscosity, providing phase inversion data both *in vivo*and *in vitro*, but this technique is not used to generate actual images of the implants [@B17], [@B18]. The use of medical imaging to characterize implants is compelling due to the wealth of information that can be obtained. The use of nuclear imaging techniques such as single-photon emission computed tomography (SPECT) or positron emission tomography (PET) may provide a means by which the drug distribution can be characterized *in vivo* with tremendous sensitivity, but may be somewhat limited due to the poor spatial resolution. Fluorescence imaging techniques such as fluorescence molecular tomography (FMT) provides an additional avenue by which the spatial distribution of drug may be obtained, with improved spatial resolution relative to PET/SPECT. MRI has previously been used to monitor solvent exchange [@B18], and provides an additional method by which implants can be evaluated *in situ*. While no single modality can be used to completely characterize these implants, the combination of these techniques can provide comprehensive information that may be used to elucidate the underlying parameters that control how implants will behave in a variety of environments.

Conclusion
==========

ISFIs provide a unique platform which is simple to manufacture, has a diverse range of potential applications, and can be administered through a minimally invasive injection and monitored using medical imaging. In this study, molar ratios of the polymer used in the implant formulation were altered so that the effects of matrix composition on implant behavior could provide an alternative means by which the release from these depots can be tailored to fit a desired application. Results confirmed that intermediate implant behavior could be achieved by altering the molar ratio of the polymers used in the depots. Evaluation of polymer erosion data along with concurrent visualization of the implants provided insight into the longitudinal effect of autocatalysis and changes in the outer shell diffusivity on drug release, swelling, and phase inversion. Noninvasive characterization of implants using ultrasound imaging was able to provide unique insight into the behavior of these systems *in situ*, which may not only be used to evaluate ISFI systems, but may be extended to preformed polymer systems as well. Advances in these techniques such as the ability to monitor the implants in 4 dimensions (X,Y,Z, and time), may substantially improve characterization. Currently, the parameters that alter the release kinetics *in vivo* are poorly understood, but through the use of medical imaging, the multivariable system may be simplified. Evaluation of solvent exchange using MRI, or SPECT/PET analysis to evaluate macrophage activity may lead to improved understanding as to what effect the host has on implant behavior *in situ*.
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![Representative ultrasound images of the same implant over a period of 10 days for all six formulations examined in this study. Whiter areas represent precipitated polymer while darker areas suggest a mixture of water, solvent and remaining dissolved PLGA. Row 1 is 15 kDa implants, row 2 is 29 kDa implants, row 3 is 53 kDa implants, row 4 is 15kDa:29kDa blend, row 5 is 15kDa:53kDa blend, and row 6 is 29kDa:53kDa blend. Pore is indicated by the arrow.](thnov02p1064g01){#F1}

![Quantitative formation data of ISFIs over 10 days, with the 15 kDa, 29 kDa, and 15kDa:29kDa blend (**A**); 15 kDa, 53 kDa, and 15kDa:53kDa blend (**B**); 29 kDa, 53 kDa, and 29kDa:53kDa blend (**C**). Data for the PLGA blends were plotted along with the corresponding pure PLGA to demonstrate intermediate behavior of the implants.](thnov02p1064g02){#F2}

![Change in implant cross-sectional area over time, for the 15 kDa, 29 kDa, and 53 kDa implants (**A**); and 15kDa:29kDa blend, 15kDa:53kDa blend, and 29kDa:53kDa blend (**B**).](thnov02p1064g03){#F3}

![3-D reconstruction of a 29 kDa implant over the course of 12 days, the light green region is the hyperechoic domain (precipitated polymer) and the interior bright green region is the hypoechoic domain indicating a homogenous liquid region.](thnov02p1064g04){#F4}

![Cumulative *in vitro* release of fluorescein over time, with the 15 kDa, 29 kDa, and 15kDa:29kDa blend (**A**); 15 kDa, 53 kDa, and 15kDa:53kDa blend (**B**); 29 kDa, 53 kDa, and 29kDa:53kDa blend (**C**). Blends were plotted with corresponding pure PLGA to demonstrate intermediate behavior of the implants.](thnov02p1064g05){#F5}

![Correlation of phase inversion relative to drug release, (**A**) pure polymer types and (**B**) are the polymer blends.](thnov02p1064g06){#F6}

![Implant erosion over time, with the 15 kDa, 29 kDa, and 15kDa:29kDa blend (**A**); 15 kDa, 53 kDa, and 15kDa:53kDa blend (**B**); 29 kDa, 53 kDa, and 29kDa:53kDa blend (**C**).](thnov02p1064g07){#F7}

![change in PLGA Mw over 21 days in response to hydrolysis of the polymer.](thnov02p1064g08){#F8}

![Representative ultrasound image of implants formed subcutaneously in a rat model. The arrows indicate the implant, skin, and ultrasound gel.](thnov02p1064g09){#F9}

![Cumulative release of fluorescein from the 15kDa:29kDa implants *in vivo* (**A**), and the correlation of phase inversion to drug release (**B**).](thnov02p1064g10){#F10}

###### 

Parameters characterized using ultrasound imaging.

  Ultrasound Characterization   15kDa      29kDa      53kDa      15kDa:29kDa   15kDa:53kDa   29kDa:53kDa
  ----------------------------- ---------- ---------- ---------- ------------- ------------- -------------
  Maximum Phase Inversion (d)   3          7          9          6             7             8
  Maximum Phase Inversion (%)   84.5±4.0   90.1±2.0   89.3±6.3   89.3±1.7      83.4±9.5      92.2±0.6
  Rate of Swelling (%/d)        18.6       10.2       9.4        14.8          5.5           7.4

###### 

Average release of fluorescein at each release phase.

  Release             15 kDa            29 kDa          53 kDa          15kDa:29kDa   15kDa:53kDa   29kDa:53kDa
  ------------------- ----------------- --------------- --------------- ------------- ------------- -------------
  Burst (%)           24.8±1.7^ϯ^       22.7±2.9        30.6±2.3^\*^    27.1±3.2      29.6±2.1      31.0±3.0
  Diffusion (%/d)     5.2±0.4^\*\*,£^   2.6±0.7^\*\*^   1.2±0.6^\*\*^   2.2±0.6       1.8±0.4       2.0±0.3
  Degradation (%/d)   \-                4.14±0.4        3.2±0.6         4.1±0.3       3.5±1.0       4.4±0.7
  Lock Down (%)       83.6±3.1^+^       76.9±6.4        70.5±5.6^+,±^   79.9±6.2      76.9±6.7      81.4±5.0^±^

ϯ indicates that the 15 kDa polymer had a statistically different burst than the 29kDa:53kDa PLGA blend.

\*indicates that the 53 kDa blend had statistically greater burst than the 15 kDa or 29 kDa blend, but equivalent burst to the blends.

\*\*indicates that the pure polymer types had statistically different diffusion release from each other.

£ indicates statistically different diffusion release from the blends.

\+ indicates a statistical difference between 15 kDa and 53 kDa implants.

± indicates the statistical difference between the 53 kDa and 29kDa:53kDa blend.

###### 

Parameters evaluated for mathematical fit of phase inversion and drug release.

  Variables                              15kDa   29kDa   53kDa   15kDa:29kDa   15kDa:53kDa   29kDa:53kDa   In Vivo
  -------------------------------------- ------- ------- ------- ------------- ------------- ------------- ---------
  S~0~(% phase inversion )               79.4    31.9    25.3    24.1          27.6          29            1.0
  τ (1/% drug release)                   0.2     0.6     0.8     0.7           1.0           1.2           -0.1
  m (% phase inversion/% drug release)   0.1     1.3     1.1     1.1           1.4           1.4           1.6
  R^2^                                   0.97    .95     .99     .96           .99           .98           .99
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